The condition under which the interaction between adjacent strip footings should be taken into consideration is further discussed.
INTRODUCTION
The assumption of a fixed based structure can be considered appropriate only in limited cases of a hard substratum site. Therefore, the soil-structure interaction (SSI) phenomenon must be taken into account during dynamic structural analysis. However, in practical situations, due to space limitations, structures are usually placed closed to each. Hence, in order to evaluate their dynamic characteristics, it is necessary to investigate not only the interaction between the foundation and the soil medium, but also the interaction between adjacent foundations through the soil [1] . The presence of adjacent foundations may affect the others further in a way such that each foundation which diffracts the incident wave field can be regarded as a disturbance producing a secondary wave field affecting the adjacent ones [2] . The aforementioned phenomenon is known as dynamic cross interaction (DCI) problem [1] , structure-soil-structure interaction (SSSI) [3] or foundation-soil-foundation interaction (FSFI) [4] .
The present paper investigates the dynamic behavior of an isolated, rigid, massless strip foundation bonded to an elastic half-space as well as the dynamic cross interaction between two strip foundations with the aforementioned characteristics.
Many researchers investigated the dynamic characteristics of the strip foundation-soil interaction. Luco and Westmann (1972) studied the coupled horizontal rocking response of a surface strip foundation under the assumption of welded soil contact. Such response arises when the superstructure is subjected to lateral forces (e.g. wind), when the foundation is exposed to earthquake condition or when it is subjected to machine vibrations [6] . verified their boundary element model using the results of the aforementioned study [1, 7] . Karasudhi et al. (1968) studied the coupled and uncoupled horizontal rocking response of a surface strip foundation under the assumption of relaxed and welded boundary conditions as well. Hryniewicz (1981) investigated the dynamic response of a strip foundation without taking into account the coupled horizontal-rocking response. Wickham's study (1977) referred to a rigid strip foundation in smooth contact with a semi-infinite elastic solid. Gazetas and Roesset (1976) applied a semi-analytical technique to estimate the dynamic compliances of a rigid strip foundation resting on an elastic, linearly hysteretic, layered half-space. Von Estorff and Schmid (1984) analyzed the dynamic behavior of a strip foundation resting on a soil layer using the BEM. A frequency domain BEM formulation has been used by Dominguez and Abascal (1989) in a 2-D analysis of a strip footing on zoned viscoelastic soils. Ahmad and Bharadwaj (1991) studied the horizontal impedance of embedded strip footing in layered soil. Jendoubi et al. (2008) studied the response of a strip footing resting on a half-space with constant or variable shear wave velocity.
The primary studies on structure-soil-structure interaction referred to the two-dimensional space. A frequency domain BEM formulation was applied by Cruze and Rizzo (1968) in order to study two and three dimensional elastodynamic problems between two rigid surface foundations. The through the soil coupling between adjacent infinitely long shear walls supported on semi-cylindrical foundations under the prism of two-dimensional anti-plane shear problem was studied by Luco and Contesse (1973) for the case of two structures, by Wong (1975) and Wong and Trifunac (1975) for several structures and by Murakami and Luco (1977) for an infinite number of equally spaced structures. Two-dimensional plane-strain models have been studied by Lysmer et al. (1974 Lysmer et al. ( , 1975 , Liang (1974) and Aydinoglu and Cakiroglu (1977) by use of the finite element approach and by Nakai and Fukuwa (1982) , Antes and v. Estorff (1986) and Kokkinos and Spyrakos (1991) by a boundary integral equation approach.
The main target of the present study is the estimation of the impedance matrix referring to a system of two strip foundations. The influence of the distance between the two foundations on the impedance values is further investigated.
PROBLEM AND MODEL DESCRIPTION
The problem under study is depicted in Fig.1 . Two rigid, massless, strip foundations are perfectly bonded to the free surface of an elastic half-space. Perfect bond is defined to be the type of attachment between the foundation and the underlying half-space which is characterized by the complete continuity of displacements in the area of contact. This type of attachment is also referred to as welded contact [9] . The two foundations have the same length (L) and their separation distance is denoted by S. Each foundation is excited by a vertical force (V), a horizontal force (H) and a moment (M). Each external load varies harmonically in time. Subscript 1 refers to the left and subscript 2 refers to the right foundation. The letter w refers to the vertical displacement, u to the horizontal displacement and φ to the rocking angle. The positive directions of external loads and the corresponding positive displacements as well are depicted in The relationship between the external forces and the corresponding displacements of the two foundations is expressed by the following equation. 
Each foundation has three degrees of freedom. Therefore, matrix [K] is a 6x6 matrix. Furthermore, matrix [K] is characterized as the impedance matrix. Each matrix term is frequencydependent and complex. In a simplified model, the real parts represent the springs which are related to the restraining action of the supporting soil or the true stiffness, whereas the imaginary parts represent the dashpots or the out-of-phase components which are related to the effect of energy dissipation by radiation [3, 4] . The impedance matrix is symmetrical. During the analyses, it was observed that the impedance matrix is simplified in the following form: 
Therefore, the calculation of the complete impedance matrix can be achieved by imposing the appropriate loading (vertical force, horizontal force, moment) in only one of the two foundations. In particular, the following displacements are considered to be necessary: (i) vertical loading -complete displacement field of the two foundations, (ii) horizontal loading -horizontal displacements and rocking angles of both foundations and (iii) moment loading -rocking angles of both foundations.
The soil is assumed to be an elastic half-space. The shear modulus (G) equals to 132MPa, the Poisson's ratio (v) equals to 0.25 and the density (ρ) equals to 1.75t/m 3 . In the case of a strip foundation, referring to a track, dam or building foundation with a high ratio of length to width, plane strain conditions is reasonable to be assumed [1] . Therefore, the finite element model is created in 2D space by using 9-node quadrilateral 2-D solid elements [27] .
The wave propagation problem that takes place in a half-space cannot be simulated perfectly by the finite element method due to the restriction imposed by the model length and the finite elements size [28] . In particular, the model must be large enough in order to reduce any reflected waves at its boundaries [29] and the finite elements size must be as small as possible in order to accurately describe a wavelength. Therefore, in order to avoid any wave reflections, quiet boundaries suggested by Lysmer and Kuhlemeyer (1969) were used. Furthermore, the minimum finite element size for each frequency was equal to λ R 10 ⁄ , where λ R is the wavelength of Rayleigh waves.
FINITE ELEMENT RESULTS

Validation study
In order to validate the finite element model, the impedance functions of an isolated, rigid, massless strip foundation bonded to an elastic half-space were compared with the results of the studies by Luco The charts refer to the vertical, the horizontal, the rocking and the coupled horizontal-rocking degree of freedom. The vertical loading of the strip foundation does not produce any horizontal or rocking movement. Therefore, there are no coupling terms for the vertical degree of freedom. It can be seen that the finite element results are in good agreement with the results of the other researchers. It must be taken into account that the comparison results were produced by the use of the boundary element method, which treats accurately the wave propagation problem in halfspace.
Coupling of two foundations study
The main part of this study refers to the estimation of the dynamic cross interaction between two rigid, massless, strip foundations bonded to an elastic half-space. Therefore, the question that must be answered is the following: How much an external loading imposed on a foundation affects the dynamic behavior of its adjacent one? In order to answer the above question the necessary terms of the impedance matrix, based on equation (2), were estimated for the following ratios of S/L: 0.125, 0.5, 3 and 5.
In order to establish the accuracy of the finite element analyses, a comparative study was performed with the results available from . Therefore, the real and imaginary parts of K22 and K33 are depicted for the various S/L ratios in Fig.3 . The term K22 is related to the horizontal and the term K33 to the rocking movement of foundation 1. The vertical axis of the charts is normalized by the parameters π, G and B, which corresponds to foundation's half-width and the horizontal axis represents the normalized frequency αο, α ο = (ω•Β) V s ⁄ , where V s is the shear wave velocity. It can be seen that the F.E.M. overestimates the real parts of the impedances for low values S/L (0.125, 0.5). On the contrary, the agreement between the real parts of the impedances for high values of S/L (3, 5) and the imaginary parts for all the values of S/L, is considered to be very good. In general, taking into account the limitations of the F.E.M. on wave propagation in half-space, the finite element model can be considered to be accurate in a satisfactory manner. The following part of the finite element analyses refers to the investigation of the throughsoil-coupling of two strip foundations. Based on the analyses results, it was found that the displacement field of each foundation is attributed not only on its external loading but on the adjacent foundation's loading as well. The smaller the ratio S/L is the bigger the effects of the foundation-soil-foundation interaction phenomenon are. Therefore, not only there are coupling terms between the horizontal and rocking movement of the foundation itself but coupling terms also appear between the two foundations even for the vertical excitation. In particular, Fig. 4 depicts the foundations movement at a random time frame for the case of S/L=0.5. It can be observed that even the vertical excitation causes a rocking movement not only on the foundation itself but on the adjacent foundation as well. The blue color depicts the initial position of the foundations while the cyan the deformed one. The foundation-soil-foundation interaction is expressed by the impedance matrix which connects the external loads imposed on the foundations to foundations displacements. The following figure, Fig.5 , depicts the real and parts of the necessary terms for the definition of the impedance matrix, based on equation (2) In the following figure, the impedance matrix terms are depicted in the complex number space. In particular, the horizontal axis represents the real part while the vertical axis represents the imaginary part of each impedance term. Each point in every chart follows a frequency, αο, step of 0.1, starting from 0.1. 
CONCLUSIONS
The through-the soil coupling of two rigid, massless strip foundations bonded to an elastic half-space has been studied by the use of the finite element method. The accuracy of the model has been verified by the comparison studies referring to an isolated strip foundation and a system of two. The foundation-soil-foundation is expressed by the impedance matrix. For low values of S/L, the coupled response cannot be ignored even for the vertical excitation. The charts of real and imaginary parts can be used in a simplified model of springs and dashpots.
